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ABSTRACT
The purpose of this paper is to provide an update of the major improvement in terms of ramp
metering design and operations in California. These updates include ramp metering policies,
ramp metering development plans, ramp metering design manual, and ramp metering and system
management initiatives.
1. INTRODUCTION
1.1. Definition and Inventory
Ramp metering is the placement of traffic signals at entrance ramps to manage traffic
entering a freeway. It helps ease merging, avoid mainline bottleneck overloading,
balance the use of corridor-wide capacities, and shorten the entire peak period duration.
Across California, the existing and planned metering location inventory is tabulated by
area in Figure 1. The planned metering locations refer to locations that may be
implemented in the next 10 years. By August 2013, there is a total of 2751 existing
ramp metering locations, with another 1835 locations planned.
1.2. Sketch Analysis of Ramp Metering Benefits
In theory, ramp metering has the potential of regulating the level of service of a freeway
segment to almost any desired Level Of Service (LOS). Suppose ramp metering is used
to keep a congested freeway corridor operating at or near capacity, or LOS = E, with
an average operating speed of 70 kilometer per hour (kph), then the potential travel
time savings along this corridor may reach 43%, if the average operating speed without
ramp metering is assumed as 40 kph. Mathematically,
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(1)
Where, δ is the percentage of travel time savings; and Len is the length of the
congested corridor. Certainly the specific δ values may vary according to corridor-
specific factors, such as entrance ramp density, demand patterns, and local system
operations, proven case studies in the San Francisco Bay Area indicated that travel time
savings, on average, reached 30% [1].
Besides travel time savings, reduction in lost system productivity is another benefit
for ramp metering implementation. By definition, the lost productivity, in terms of
lost-lane-mile hours, is the cumulative difference between capacity and observed lane
throughput during congestion. As ramp metering may delay or avoid the activation of
downstream bottlenecks (maintain lane throughput), it reduces the loss in system
productivity. Such reduction may be roughly evaluated using a three-step methodology
described below.
Step 1. Express the lost productivity in terms of lost-lane-mile hours as shown in
Equation (2):
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Figure 1. Ramp metering inventory across California
Where, LLM0 is the lost productivity, lost-lane-mile hours; x is the observed lane
throughput, which is assumed to be a constant during congestion, vehicle per hour
(vph); c is the lane capacity of the freeway segment under evaluation, use 2000 vehicles
per hour per lane (vphpl); H is the total number of hours the facility is congested, hours;
Li is the number of lanes; and Di is the congested distance, kilometers; and i is a loop
variable, i = 1, 2, …, H.
Step 2. Suppose the implementation ramp metering improves freeway throughput by
y%, then the lost productivity of a freeway facility may be reduced to LLM1 as shown
in Equation (3):
(3)
Step 3. Determine the net reduction in lost productivity, ϕ%, as shown in Equation
(4):
(4)
If x, c, and y are assumed to be independent of hour, i, and the bottleneck segment,
then
(5)
When a freeway facility is congested, the observed lane throughput is typically
around 1400~1600 vph. Let x = 1500 vph, then x/c = 0.75, and ϕ can be evaluated as
27% as shown in Equation (6).
(6)
This simple evaluation indicates that ramp metering may reduce lost-lane-mile hours
by 27% for the bottleneck segment.
2. RAMP METERING POLICY
January 6, 2011 saw the sign-off on the revamped ramp metering policy in California.
The policy committed the California Department of Transportation (Caltrans) to using
ramp metering as an effective traffic management strategy to keep its freeway system
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operating at or near capacity. The policy requires each Caltrans district that currently
operates, or expects to operate, ramp meters within the next ten years to prepare a 10-
year Ramp Metering Development Plan (RMDP), listing all the ramp metering
locations that are either currently in operation or planned for operation within the next
ten years. The RMDP is to be updated every two years. The future ramp meter locations
are to be included in the local Congestion Management Plans.
The policy required that HOV preferential lanes be provided and metered wherever
the entrance ramps are metered. The policy also requires that provisions for ramp
metering be included in all projects that propose additional capacity, modification of an
existing interchange, or construction of a new interchange, within the freeway corridors
identified in the RMDP, regardless of funding source. These provisions, at each
entrance ramp, may include procurement of additional right of way, changes to ramp
geometry to accommodate queue storage, installation of High Occupancy Vehicle
(HOV) preferential lanes, deployment of electrical and communication systems, and
construction of California Highway Patrol (CHP) enforcement areas and maintenance
vehicle pullouts.
3. RAMP METER INSTALLATION CRITERIA
Where to install a ramp meter is a critical planning level question. In California, there
is no consistent set of ramp metering installation criteria developed currently. When
evaluating the need for new ramp metering locations, corridor level operational and
safety benefits constitute the primary justification. Project-specific and site-specific
traffic studies such as simulation modeling of recurrent bottlenecks are often conducted,
although there is no standard set of quantitative performance measure identified for
statewide use. Engineering judgment and local agency input also play a significant role.
California is not alone. Based on an extensive literature review of ramp signaling
guidelines, Gan et al. [2] concluded that there are very limited resources pertaining to the
criteria needed to justify the installation of ramp meters. The ramp meter installation
criteria described in the 2003 Manual on Uniform Traffic Control Devices (MUTCD) [3]
are not as specific as that for the street signals warrants contained in the same manual. It is
desirable to enhance the existing general installation criteria in the MUTCD to help better
guide the ramp meter location selection process. This will be very helpful in mainstreaming
ramp metering in project development process. In addition, clear guidance is needed in
terms of whether the ramp meter installation criteria should be called ‘warrants’. The word
‘warrant’ does carry a legal connotation and may create potential tort liability issues.
4. RAMP METERING DEVELOPMENT PLAN
The statewide Ramp Metering Development Plan (RMDP) [4] is a comprehensive
document that identifies the existing and planned ramp metering locations across
California. The purpose of RMDP is to identify where a new ramp metering location is
to be selected, and prioritized for implementation. As mentioned above, there is no
single set of ramp metering location selection criteria identified for statewide use in
California. The locations identified are the results of ramp metering experience, project-
specific traffic studies, inputs of stakeholders, and engineering judgment.
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The “planned” ramp metering locations identified in the RMDP are to be
incorporated into state and local planning and programming documents. They are also
to be incorporated into project initiation documents to meet purpose and need, and then
submitted to the project development process as funding allows. With limited funding,
prioritization of the identified locations is necessary. Each Caltrans district develops its
own priority list of future metering locations. Although the districts follow the same
ramp metering policy, criteria used for prioritizing these “planned” ramp meters vary
from district to district in California. No comprehensive statewide criterion has been
established. As a result, California Environmental Quality Act (CEQA) documentation
of the potential impacts from the installation of ramp meters is conducted on a project-
by-project, site-specific basis at the local and regional level.
In Caltrans, the Local Development-Intergovernmental Review (LD-IGR) Program
works with local jurisdictions to mitigate potential adverse impacts of local
development projects to the State Highway System. RMDP is a very useful resource for
district LD-IGR staff and the local communities in identifying potential infrastructure
mitigation features for a proposed project. Ramp metering can be an appropriate and
feasible CEQA-based component of an LD-IGR traffic congestion mitigation plan for
local development projects. As such, RMDP documents the starting point to engage
local partners, such as cities and counties.
The RMDP also sets examples for all other Transportation Management System
(TMS) elements and how these elements should be developed. Starting from the
Planning stage, these elements have to be incorporated into the project initiation,
programming, environmental clearance, and funding processes.
5. RAMP METERING DESIGN MANUAL
The Ramp Metering Design Manual (RMDM) [5, 6] is a comprehensive document
covering Caltrans ramp metering design standards and practices for new and existing
ramp meter installations. The RMDM is a supplement to, but does not supersede the
Highway Design Manual (HDM) [7], California Manual on Uniform Traffic Control
Devices (CA MUTCD) [8], and other Caltrans design policies. The RMDM shall be
used when planning and designing ramp meters. The RMDM is under revision currently
to reflect the newly revised ramp metering policy, the Deputy Directive No. 35 [9]. The
salient features of the coming RMDM are described as follows.
5.1. HOV Preferential Lane
According to the ramp metering policy, HOV preferential lane (HOV PL) shall be
installed at each metered entrance ramp. With such a requirement, each metered
entrance ramp will essentially have at least one HOV PL and one general-purpose (GP)
lane, regardless of traffic demand. Additional number of lanes may be determined using
900 vphpl as the capacity for a metered entrance ramp lane.
It should be noted that GP lane and HOV PL volume must be calculated separately
when determining the number of entrance ramp lanes. When GP demand exceeds 900 vph,
multiple GP lanes should be considered; the same is true for HOV demand. Field
observation in the Sacramento and Los Angeles areas indicated that HOV demand at an
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entrance ramp varies. It may account for 15% to 45% or more of the total entrance ramp
demand [10]. Project-specific information should be used for entrance ramp design
purposes.
HOV traffic is not allowed to “bypass” ramp meters as specified in the new ramp
metering policy. The speed differential between metered and un-metered vehicles
downstream of the limit line provides one justification to eliminate the bypass
operations. Preferential treatment, such as a higher metering rate can be provided as an
incentive for HOV traffic. The HOV “bypass” lane at a ramp meter becomes a
misnomer for the HOV preferential lane.
5.2. Storage Length Design
Unlike an un-metered entrance ramp, a metered entrance ramp operates similarly to an
individual approach at a signalized street intersection. A metered entrance ramp, as
shown in Figure 2, should therefore be composed of such design elements as
deceleration distance, queue storage length upstream of the limit line; and then
acceleration distance downstream of the limit line. Without these elements, the metered
entrance will not function properly, leading to issues such as entrance ramp queue
overspill.
Limited in-house research [10] indicated that 7% to 10% of peak hour demand is
appropriate as entrance ramp storage. Such requirement will increase project footprint,
and increase project costs, especially when structures are involved. Limited field
observation along I-405 in southern Los Angeles County indicated that almost 90% of
the existing metered entrance ramps do not satisfy this requirement. These entrance
ramps were not designed to be metered in the old days. Tremendous effort is needed to
bring old designs to comply with the storage length requirement across the state.
5.3. Acceleration Distance
In the current Caltrans RMDM [5], the limit line is placed at 23 m upstream of the 7 m
separation point to satisfy the acceleration needs of metered vehicles. This standard was
developed based on an in-house vehicle acceleration study conducted in the San
Francisco Bay Area in the late 1980 s [11]. The study observed that from such placed
limit line, passenger cars are able to accelerate to a speed of more than 72 kph. No other
types of vehicles, such as buses and semi-trailers were studied.
The AASHTO Geometric Design policy [12] specifies that “The geometrics of the ramp
proper should be such that motorists may attain a speed that is within 10 kph of the
operating speed of the freeway by the time they reach the point where the left edge of the
ramp joins the traveled way of the freeway.” In the coming RMDM [6], the acceleration
distance for tapered entrance ramp design will be increased by installing a 100 m auxiliary
lane downstream of the point where the left edge of the ramp joins the traveled way of the
freeway. Such addition will facilitate acceleration operations for metered vehicles.
5.4. Deceleration Distance
The deceleration distance is an integral component of a metered entrance ramp due to
the presence of queued traffic. The approaching vehicles from local streets need at least
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one stopping sight distance upstream of the back of queue in order to stop clear of the
queue. This is particularly true when sight line is restricted. The deceleration distance
may be designed the same length as the stopping sight distance.
5.5. Ramp Terminal Intersections with Local Roadways
At ramp terminal intersections with local roadways, the crossing needs of non-
motorized traffic is considered by eliminating the high speed free right-turn type of
accesses is eliminated. With the downstream of entrance ramps metered, there is no
point providing such high speed accesses anyway. In the mean time, the access to HOV
preferential lanes uses bulb out design as shown in Figure 3. Such a design shortens the
crossing distance, and thus reduces traffic exposure for non-motorized traffic.
5.6. Detection System Design
Ramp metering operations entails demand, passage, and queue detection at the entrance
ramp, and demand detection at the mainline. A new feature incorporated in the coming
RMDM is the additional number of queue detectors recommended in the middle of
entrance ramps, in addition to the typical queue detection near the entrance. The added
queue detection may help better implement queue-override metering rates. Another new
feature is the recommendation to construct the communication conduit system between
ramp meter and the closest upstream street signal controllers. The conduit may greatly
facilitate the possible coordinated operations between ramp meters and upstream street
signal networks.
5.7. Field Personnel Safety
To facilitate enforcement and maintenance activities at a ramp meter, an enforcement
pad downstream of the limit line and a maintenance vehicle pullout (MVP) upstream of
the limit line are necessary. The enforcement pads and MVPs are also welcomed by
field personnel such as field survey, and landscaping crews. Field personnel safety
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Figure 2. Schematic drawing of a metered entrance ramp
consideration extends to the maintenance and repair of ramp metering facilities.
Pole-mounted metering signals placed in the gore area are prone to knock-downs. Once
knocked-down, the necessary repair will expose maintenance personnel to live traffic
on both sides. Unless necessary, ramp meter signals are to be mounted using mast arms
with standards placed on the right hand side of metered entrance ramps.
5.8. Advance Warning Signs
Ramp meters operate on a part-time basis in California. In order to warn the
approaching motorists of queued traffic due to metering operations, advance warning
signs, operating in concert with the downstream ramp meters are necessary. The
advance warning signs also facilitate route diversion decision-making. Motorists may
take different routes to avoid being metered.
In California, both entrance ramps and connectors may be metered. The advance
warning signs include therefore entrance ramp and connector two packages. As shown
in Table 1, the entrance ramp package includes a pedestrian signal head METER ON
activated blank-out sign, and a W3-3 SIGNAL AHEAD sign with a beacon. The
connector package uses METER ON, and PREPARE TO STOP Changeable Message
Signs (CMS) to warn a downstream connector meter. The W3-3 SIGNAL AHEAD sign
with a beacon on top may be used in the middle of a metered connector to enhance the
PREPARE TO STOP CMS. The METER ON CMS may be placed along freeway
mainline to facilitate diversion.
The entrance ramp package is not blessed by the MUTCD team for the Federal
Highway Administration (FHWA). The FHWA team insisted that W3-3 sign should not
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Figure 3. HOV preferential lane access design
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be used to warn the presence of a ramp meter. The FHWA team also tried to convince
Caltrans to replace the pedestrian signal head METER ON sign with the W3-7 RAMP
METER AHEAD and W3-8 RAMP METERED WHEN FLASHING sign package. In
the name of nationwide consistency, the FHWA team’s position is understandable.
However, the shortcomings of the W3-7 and W3-8 sign package are apparent. First of
all, a W3-8 sign may not fit well the entrance gore area as the smaller pedestrian signal
head METER ON sign. The W3-8 sign may have to be placed further downstream of
the gore area, ending up losing diversion guidance for the approaching motorists. The
“WHEN FLASHING” text does not agree with the California MUTCD [3] due to its
potential tort liability issues. Second, the W3-7 sign is text based, which is not as
intuitive as its graphics-based W3-3 counterpart. Finally, the W3-7 sign may have to
be installed with a flashing beacon to match the part-time nature of ramp meter
operations. Without a flashing beacon, the W3-7 sign is a permanent sign. The
discussions with the FHWA team continue when the paper was written. But it is clear
that the national MUTCD should develop a connector metering advance warning
package.
6. OPERATIONAL PROCEDURES
6.1. Operation Status
In California, almost all ramp meters operate in local-responsive mode. The metering
rate adjusts automatically based on mainline congestion situations immediately
upstream of the entrance ramp. Five controller software packages are used statewide.
The San Diego Ramp Metering System (SDRMS) is deployed in San Diego, San
Bernadino areas. The Traffic Operating System (TOS) in the San Francisco Bay Area.
Semi-Actuated Transportation Management System (SATMS) and Orange County
Ramp Metering System (OCRMS) are implemented in Los Angeles and Orange County
areas, respectively. The Universal Ramp Metering System (URMS), developed and
supported by Headquarters was deployed in Sacramento and Fresno areas. The URMS
is the only package that runs on a 2070 controller platform. 2070 controllers are being
deployed on most new ramp metering projects. To reduce supporting costs, future
controller software is to be based on 2070 controllers.
A more advanced way of ramp metering operation is system-wide adaptive ramp
metering. The metering rate adjusts based on not only local mainline conditions, but
also upstream and downstream mainline, entrance ramp, even connected local roadway
conditions. The concept is the current focus of pilot studies, and academic research. In
California, there is no well-accepted software package for this type of metering
operations.
6.2. Signal Heads
Both one-car-per-green and two-cars-per-green operation scheme are commonplace in
California. Three-cars-per-green scheme is used at very few connector metering
locations in the Los Angeles area. For two-cars-, and three-cars-per-green types of
operations, yellow indication is necessary. Therefore, all ramp meters in California use
three-sectioned signal heads as specified in the coming RMDM. The existing two-
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sectioned signal heads in the field are being replaced.
6.3. The Yellow Timing
Unlike street signals, ramp meters do not assign right of ways. That may be the reason the
yellow timing for a ramp meter is not securitized as closely as that for its street signal
counterpart. In two-cars- and three-cars-per-green type of operations, a dilemma zone does
exist. The dilemma occurs for the 2nd or 3rd car which is approaching while the first car just
starts to depart the limit line. The yellow indication has to be timed to eliminate the dilemma
zone, so that the motorist can choose either to proceed to clear the limit line, or to stop at the
limit line. The current yellow timing used in the five controller software packages mentioned
above may not eliminate the dilemma zone. Additional research is necessary.
6.4. The Missing Cycles for Two-Cars-Per-Green Operations
Two-cars-per-green type of operation scheme is supposed to increase the release rate. For a
cycle length of 6.5 s, the release rate may reach about 1100 vphpl. For the same metered
lane, the release rate is only 900 vph with a 4 s cycle under one-car-per-green type of
operation. However, two-cars-per-green type of operation scheme is found not as efficient
as the calculation shows. The 1100 vphpl rate is seldom reached without the cooperation of
fully educated traveling public. Some timid motorists choose to stop, not to go as they are
supposed to, when the meter turns yellow. Such timid choices end up with missing cycles,
and hence lower release rates. An observation in Sacramento indicated that the actual release
rate barely reached 70% (=1533/2200*100%) of the calculated one. The observation results
were tabulated in Table 2. Motorist education is necessary to avoid missing cycles and
increase the efficiency of two-cars- or three-cars-per-green type of operations.
7. RAMP METERING RESEARCH AND FUTURE DIRECTIONS
7.1. Queue Management
One leading concerns about ramp metering operations is entrance ramp queue overspill
onto upstream intersections. The queue caused by ramp metering should be contained
Table 2. The inefficiency of two-cars-per-green operations
Total no. of 5-minute flow 
Time Car Bus Motorcycle vehicles counted rate, vph
4:14:00~4:19:00 133 0 0 133 1596
4:19:00~4:24:00 128 2 1 131 1572
4:24:00~4:29:00 126 1 1 128 1536
4:29:00~4:34:00 118 2 0 120 1440
4:34:00~4:39:00 130 0 0 130 1560
4:39:00~4:44:00 123 0 2 125 1500
4:44:00~4:49:00 127 1 1 129 1548
4:49:00~4:54:00 123 3 0 126 1512
Average Flow Rate, vph 1533
in the metered entrance ramp. In the coming RMDM, queue storage becomes an
indispensable design element for all metered entrance ramps. Academic research is
under way to further establish queue storage length design criteria at metered entrance
ramps.
Local feeding facility is an integral part of the entrance ramp queue management
issue. Local feeding facility may be adjusted to support ramp queue management. For
example, widening and lengthening the turning pockets upstream of a metered entrance
ramp serve to the same effect as lengthening and widening the entrance ramp itself.
Some local agencies entered into agreement with Caltrans dedicating certain turning
pockets as entrance ramp queue storage during peak periods.
Another way of entrance ramp queue management is to coordinating ramp meters
with upstream and downstream street signals on the feeding facilities. The purpose is to
better utilize the available queue storage length through real-time communication
between ramp meter and signal controllers. The signal timing may be adjusted to
temporarily adjust the release rates based on entrance ramp queue length. A field
demonstration project is being conducted in the San Francisco Bay Area, and the first
phase is to be completed by the end of 2013.
7.2. Corridor Level Ramp Metering
In California, almost all ramp meters operate in the local-responsive mode. The
metering rates adjust in real time according to mainline traffic conditions upstream
of the ramp merging area. Coordinating multiple entrance ramps along a freeway
corridor holds great promises to balance entrance ramp storage, better utilize the
controlling bottleneck capacity, and improve corridor level performance. Efforts
have been made in recent years to coordinate the meters along a freeway corridor.
Over the past ten years, the System-Wide Adaptive Ramp Metering (SWARM) was
experimented along route 210 in Los Angeles. The adaptive metering concept was
being further explored in the South Bay corridor management project. In the
Connected Corridor project sponsored by Caltrans along Route 210 in Los Angeles,
algorithms for coordinating arterial and freeway traffic flow will be developed. A
decision support system will also be developed to select strategies to minimize total
travel time with and without variable speed advisory. In northern California,
corridor-wide ramp metering algorithms, including HERO/ALINEA, FUZZY-
LOGIC, and ZONE are being evaluated, with an aim to identifying an algorithm that
best suit the I-80 Integrated Corridor Management project.
It is fair to say that California is still in its infancy in the implementation of corridor-
level adaptive ramp metering strategies. A sound corridor-level metering algorithm is
yet to be identified for statewide deployment. Coordinating with parallel arterial
intersections, incorporating other type of active traffic management strategies such as
speed advisory is in the research mode with limited field demonstration activities.
7.3. Anytime Congestion-Responsive Metering
Currently, almost all ramp meters in California are operated part-time only during
weekday morning and evening peak periods. These meters are left dark during
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weekends and holidays. An apparent shortcoming of part-time operation is the loss of
opportunity to better manage traffic during the non-metering hours. For example, traffic
incidents may occur any time, and incident management may call for anytime
congestion-responsive metering.
California’s ramp meters are capable of local-responsive ramp metering. They are
also capable of turning on and off automatically in response to pre-set mainline traffic
conditions. As a demonstration project, the purpose of the anytime congestion-
responsive metering research is to ascertain the positive public responses about this
type of operation, so that any time congestion-responsive metering may be deployed
statewide.
7.4. Performance Measurement
Public scrutiny and performance-based management push the development and
monitoring of ramp metering performance measures on a regular basis. Performance
measures relating to what and how the traveling public feel are to be developed and
measured in real time. For example, how much delay or travel time will be saved due
to the implementation of a certain set of ramp meters? How much delay a metered
motorist has to suffer at an entrance ramp? These performance measures and the
reporting capability will help better answer the public scrutiny, and establish a solid
foundation for the development of a ramp metering program.
8. SUMMARY
An update of the ramp metering program in California is presented in this paper. The
ramp metering policy, ramp metering planning, design, and operations, ramp metering
performance measurement and current research projects are discussed. California is
committed to using ramp metering as an effective traffic management strategy to keep
its freeway system operating at or near capacity. Extensive research and field
demonstration effort is underway attempting to resolve the entrance ramp queue issue,
establish any time congestion-responsive ramp metering operation scheme, and further
enable the capability of corridor- and even system-wide ramp metering. Coordination
between ramp meters and connected street signals holds great promise in further
demonstrating the benefits of ramp metering on a system-wide scale.
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